A combined analytical and experimental study of a blade-stiffened composite panel subjected to axial compression was conducted. The study rst examined the effects of the differences between a simple model used to design the panel and the actual experimental conditions. It was found that the large imperfection used in the design process compensated for the simplifying assumptions of the design model, and the experimental failure load was only 10% higher than the design load. Next, nite element analyses were performed in order to correlate analytical and experimental results. The buckling loads from nite element analyses agreed well with the experimental failure loads. However, substantial differences were found in the out-of-plane displacements of the panel. Finite element simulations of nonuniform load introduction with general contact de nitions improved correlation between the measured and predicted out-of-plane deformations.
Introduction S
TIFFENED, laminated composite panels have been considered for use in weight-sensitivestructuressuch as aircraft and missile structuralcomponents,where high strength-to-weightand stiffnessto-weight ratios are required. High strength and in-plane stiffness properties of composite materials result in thin sections that are critical in buckling. Among the several con gurations commonly used for stiffened panels, blade-stiffened panels have simple geometric con gurations with good structural ef ciency, which makes them a popular structural concept. Buckling loads and the sensitivity of the response to initial imperfectionsare often expensive to calculate with general nite element models. Consequently, the optimization of stiffened panels often employs simpli ed models that are exact only for idealized geometries, loading conditions,and boundary conditions (e.g., PASCO 1 or PANDA2 2 ). Nagendra et al. 3 studied the optimum design of blade-stiffened panels with cutouts subjected to buckling and strain constraints. They used the panel analysis and sizing code (PASCO 1 ), based on a linked plate model, for the buckling analysis and structural optimization with continuous-thickness design variables and the engineering analysis language (EAL 4 ) nite element analysis code for calculating strains and their derivatives with respect to the design variables. Later, the optimally designed panels with and without centrally located holes were tested, and analytical and experimen-tal results were compared. 5 Nagendra et al. 6 extended the optimum design study of blade-stiffened panels using PASCO for analysis and a genetic algorithm (GA) for the optimization of panel laminate stacking sequences. Several designs obtained using GA optimization were about 8% lower in weight than designspreviouslyobtained in Ref. 3 using a continuous optimization procedure.
Recently, three of the panels designed by Nagendra et al. 6 were fabricated and tested by the Structural Mechanics Branch at NASA Langley Research Center. The experimental failure loads differed by a maximum of approximately 10% from the design load. However, there were signi cant differences in loading and boundary conditions between the design conditions and the test conditions. One objective of the present paper is to assess the effectivenessof the simpli ed PASCO model originally used to design the panel. A second objective is to correlate analytical and experimental results.
Stiffened Panel De nition
The panel designated as the baseline design corresponds to the ninth row in Table 7 of Ref. 6 . This panel, designated as GA2461 (referring to the design weight of 24.61 lb), is 30 in. long and 32 in. wide, with four equally spaced blade stiffeners (see Fig. 1 ). Two other designs from Ref. 6 were also tested in the same series of tests with similar failure loads. This paper is focused on the GA2461 panel, with only occasional references to the other two panels. The laminates used for the GA2461 baseline design in Ref. 6 The baseline panel was designed to support an axial load N x of 20,000 lb/in. In addition,to account for offdesignconditions,imperfections,and modeling inaccuracies,a shear load (N x y D 5000 lb/in.) and a longitudinal bow-type geometric imperfection (3% of the panel length) were added to the design requirements. The baseline design panel was assumed to be simply supported along the four edges, which is the only boundary condition that can be accurately modeled using PASCO. 
Test Specimen and Test Procedures
The test specimens were fabricated using Hercules, Inc., AS4/3502 unidirectional graphite-epoxy preimpregnated tape material. The skin (32 £ 32 in.) and stiffeners were cured separately in an autoclave. The stiffeners were machined to a length of 32 in., then bonded to the skin with FM-300 lm adhesive.The panel edges perpendicularto the stiffeners were potted with an aluminum-lled epoxy resin to prevent end failure. The length of the potted area was 1 in. on each end. Thus, the effective length of the test specimen was reduced to 30 in.
The test specimen was loaded in compression using a 1,000,000-lb-capacity hydraulic testing machine. The specimen was at-end testedwithout lateraledge supports,and no deliberategeometric imperfection was introduced. Electrical resistance strain gauges were used to monitor the strains and direct current differentialtransformers (DCDTs) were used to monitor longitudinal inplane and out-ofplane displacements at selected locations, as shown in Fig. 2 . All electrical signals and corresponding applied loads were recorded automatically at regular time intervals during the tests.
Linear Buckling Analysis
Both buckling and nonlinear postbuckling analyses were performed in this study. Linear buckling analyses were conducted for the baseline design using both PANDA2 and STAGS (Structural Analysis of General Shells 7 ). Input les for the STAGS linear buckling analysis were generated by PANDA2. Next, the effect of the shear load and the geometric imperfection on the buckling loads of the baseline design were investigated using PANDA2, which employs analysis techniques with a level of delity similar to that of PASCO. In PANDA2, local and general buckling loads are calculated either by closed-form expressions or discretized models of panel cross sections 2;8;9 similar to those used in PASCO. STAGS is a code for general purpose analysis of shell structures of arbitrary shape and complexity 7 with a variety of nite elements. Four-node quadrilateral plate elements with cubic lateral displacement variations (called 410-and 411-elements in STAGS) are efcient for predicting buckling response of thin shells. For plates in which transverse shear deformation is important, the assumed natural-strain, nine-node element (480-element) can be selected. 7 While the panel investigated here warrants the use of the 480-element, the 411-element was also used because the effect of shear deformation is not in the analysis for the PASCO-designed panel. STAGS results were postprocessed using PATRAN. 10 The STAGS nite element model for the panel had a total of 20 branched shell units, and each branched shell unit had 325 nodes (for the 32-in.-long panel) or 325 nodes (for the 30-in.-long baseline design panel), respectively. The axial compressive design load (640,000 lb) was applied with a uniform end-shortening constraint along with compatibility conditions for adjacent shell unit interfaces. In the test, the load was applied to the potted ends. To simulate this boundary condition, the displacement along the z direction and rotation along the x direction were constrained at the nodal points. The adhesive lm used to bond the stiffeners to the skin of the test specimen was modeled by adding a 0.0121-in.-thick isotropic layer to the model to simulate the bondline between the skin and ange. The skin middle surface was used as the reference plane in which the nodes lie, and the offset distance from the middle surfaces of the skin-ange combination was modeled as an eccentricity.
An alternative nite element modeling approachwith ABAQUS 11 suggested by Greene of HKS, Inc. (private communication), was also used. In this method, instead of locating the reference plane at the midplane of the skin, the bottom plane of the blade stiffener was used as the reference plane. To include the offset distances of the midplane of skin and skin-ange combination in the model, an additional 0 deg ply with negligibly low stiffness was added to both skin and skin-ange laminates, as shown in Fig. 3 . Both the nine-node thin shell element (S9R5) and the four-node general shell element (S4) in ABAQUS were selected for the stiffened panel models. Both shell elements can account for transverse shear deformations and are comparable to the 480-element in STAGS. Instead of applying a compressive load at the panel end, uniform compressive displacementswere applied at the nodal points along the loaded edge. To ensurea uniform state of stress along the entire panel length and to prevent bending during the prebuckling response stage, the incremental boundary condition option available in ABAQUS was chosen. The buckling load factor was computed from the sum of the reaction forces at the boundary node set.
Results of Linear Buckling Analysis
The effects of geometric imperfections, additional in-plane shear loads, boundary conditions, and material property variations on the buckling load of the stiffened panel are discussed in this section. The results are intended to help understand the effect of the assumed imperfections and the addition of in-plane shear loads on the robustness of the design.
Effect of Geometric Imperfections and Shear Load
A summary of the local buckling load factors with and without shear load, and with and without the initial bow-type geometric imperfections ( §3% of the panel length) obtained from PANDA2 are presented in Table 2 . The rst row in Table 2 includes a comparison of PANDA2 and the STAGS (both 480-and 411-elements) for the perfect panel without a shear load. The PANDA2 results for both a Koiter-type analysis and a BOSOR4 analysis agree well with the STAGS 411-elementresults.The 11% differencebetween the results for the 480-element and the 411-element (Table 2 ) is suspected to be due to transverse shear deformation because the thickness of the skin-ange combination is 0.56 in. Shear deformation was not included in the original panel design, and this difference indicates that the effect is signi cant.
The panel with a negative (bulging in the direction of the blade) bow-type imperfection had a concave surface in the middle of the panel. Thus, the blade tip is subjected to less axial compression, and the skin is subjected to more axial compression than that of the perfectpanels. Similarly, the blade tip near the boundaryis subjected to more compression, and the skin near the boundary is subjected to less compression than in the perfect panel. The opposite holds true for the positive bowtype imperfection. From the last two rows of Table 2 , one can note that a 3% positive imperfection results in a very low buckling load factor. The buckling load factor is reduced from 1.256 to 0.394. A 3% negative imperfection also reduces the buckling load factor (from 1.256 to 1.026), but the reduction is smaller than that for a positive imperfection. A 3% imperfection is very large for a 32-in.-long stiffened panel, and thus will lead to conservative designs. 
Effects of Boundary Conditions and Material Properties
There were slight differences in material properties, panel dimensions, and boundary conditions between the baseline design and the actual test conditions.To understand the effects of these differences,analyseswere conductedusing both sets of input data. The differencesin material propertiesand dimensionsare summarizedin Tables 3 and 4 , respectively. While changes in the material properties can be input to the analyses directly, differencesin the thickness of the skin or ange are accounted for by implementing a proportional change in the model's ply thickness. A detailed discussion of this procedure can be found in Ref. 4 . Table 5 shows the effects of boundary conditions and material properties on the buckling load factors. Comparison of the rst two rows of Table 5 reveals that the effects of changes in the boundary conditions are not very signi cant. According to PANDA2 results, the lowest buckling load correspondedto local buckling, which suggests that the differences in boundary conditions between the analysis and the experiment will not have a large effect on the results. Similarly, results in the last two rows show the effects of changes in material properties and panel dimensions.
The buckling mode shape of the perfect baseline design (simply supported on four sides) predicted by the STAGS 480-element is shown in Fig. 4 . The corresponding ABAQUS results are shown in Fig. 5 . The overall buckling mode shape obtained from ABAQUS agrees well with that of STAGS. Both modes have four half-waves in the longitudinal directions, but even though the problem is symmetric in both directions,the bucklingmode is not, as often happens. This asymmetry is more accentuated for the STAGS model, where the displacementspeak not far from the support. The computed lowest buckling load factor is slightly higher than that of STAGS (1.218 for ABAQUS and 1.166 for STAGS). This small difference may be due to modeling differences discussed in the following paragraph. The STAGS prediction of the buckling mode shape of the test panel with potted boundary conditions (with the other two edges being free) is shown in Fig. 6 .
An examination of the STAGS model in Fig. 3 shows that there is a double counting of the material between the blade stiffener and the ange-skin combination due to the way the nodes are located in the blade elements and in the elements that represent the angeskin combination. These elements have midplane nodes leading to an overlap equal to the thickness of the blade with a width equal to half the thickness of the ange-skin combination. This overlap is avoided in the ABAQUS modeling approach described earlier.
The additional material that results from the overlap is expected to increase the prebucklingaxial stiffnessof the panel. To estimate this increase,the STAGS model was modi ed to resemble the ABAQUS model, and a linear buckling analysis was performed on the modi ed model. The results of this analysis are presented in Table 6 , which also compares these results with the experimental results. The increase in area due to the overlap contributed to about onehalf of the difference in total stiffness between the analysis and test results.
Summary of Differences Between Design Model and Test Model
The PASCO model used for designing the panel had several modeling simpli cations and compensating factors; their effects are listed in Table 7 . The two major model simpli cations were as follows: 1) PASCO does not account for shear deformation, which may be signi cant for thick composite panels, and this effect reduces the buckling load by 11%. 2) PASCO employs simple support boundaryconditions.The differencedue to boundaryconditionswas only about 1% because the buckling mode is local.
To obtain a more robust design, the PASCO model was subjected to an additional shear load and bow-type initial imperfection with maximum amplitude of 3% of the panel length. Both of these features had substantial effects on the buckling load. However, because the panel was designed only for imperfection of one sign, the design became more sensitive to an imperfection of the opposite sign. Finally, because of the substantial thickness of the blade, it was also found that a midsurface reference plane modeling, which is common in thin-walled structures, produces an approximate 7% increase in the prebuckling stiffness and a 7% reduction in buckling load. The opposite effects are explained by the fact that the stiffness of the overlap causes more load to be supported by the blade, which is the critical element. Overall, the more accurate analytical model predicts a buckling load that is about 18% higher than the design load; however, this does not take into account any initial imperfections. The actual test buckling load was only about 10% higher than the design load. For this panel, the simpli ed model used in PASCO, together with the shear and imperfection loading added for robustness, worked reasonably well. The other two tested designs were also within a few percent of the design load.
Nonlinear Analysis
Although the linear bucklingloads provide a measure of the compressive load-carrying capacity of the stiffened panels, the test results indicate that the panels underwent substantial nonlinear transverse deformations before failure. Hence, a nonlinear analysis was performed to understand the effects of boundary conditions including the eccentricity in load application. The nonlinear analysis was performed without applying any initial imperfection, but the differences in the stacking sequence and material properties between the skin and the blades introduced small amounts of bending deformation. The modi ed Riks path-following algorithm in STAGS was used for the nonlinear analysis. The computation time required for the nonlinear analysis was an order of magnitude greater than that for the linear analysis, indicating signi cant nonlinearity with response (near the buckling load). The following subsections discuss the results of the nonlinear analyses and compare experimental and analytical results. 
Compressive Load vs End Shortening
The compressive load vs end-shortening de ection curves from the STAGS nonlinear static analyses, the test, and a linear least squares t of the measured data are shown in Fig. 7 . The test panel designated as GA2461 in Ref. 6 is the baseline design. In addition to the baseline panel, two other test panels (GA2414, GA2458) from Ref. 6 have slightly different geometries and stacking sequences. As expected, their compressive load vs end-shorteningcurves from the tests exhibit a similar trend, except at the initial stage of loading. The prebuckling stiffness was calculated from the slopes of the linear portions of the experimental load vs end-shortening curves for the three panels and by multiplying the slopes by the panel length. The prebuckling stiffness from the experiments with the prebucklingstiffness predicted using STAGS for test panel GA2461 are compared in Table 8 . The prebucklingstiffness of the test panels is about 6% less than that of the analysis.
Compressive Load vs Out-of-Plane Deformations
The layout of the DCDTs used to measure displacements in the test panel is shown in Fig. 2 . The out-of-plane displacements, measured from DCDTs at selected locations de ned in Fig. 2 , are shown in Figs. 8 and 9 . The results in Fig. 8 show that out-of-planedisplacements were initiated at an early stage of the loading and increased linearlyin proportionto the loading.Furthermore,the displacements were largest near the loaded edge. These observations suggest that loading eccentricities may exist along the load introduction edges, or rigid body rotation of the panel with respect to the clamped edge may have occurred,in addition to the effects of geometric imperfections. The results in Fig. 9 show that the out-of-planedisplacements of the blade stiffeners also started at an early stage of the loading. With the exception of DCDT 11, the out-of-planedeformations were an order of magnitude lower than those of the skin in Fig. 8 . Furthermore, a signi cant nonlinear response was only exhibited near the failure load. The large nonlinear response of DCDT 11 throughout the axial loading was probably due to the effect of the unsupported side-edge boundaries. The out-of-plane displacement variations along the length of the panel (DCDTs 1-4 in Fig. 2 ) at selected load levels are shown in Fig. 10 . The results in Fig. 10 indicate that bending and end shortening occurred in the test panel as a result of the applied axial compression. The load vs out-of-plane displacement response across the panel at midlength can be found in Ref. 12 .
To understandthe substantialprebucklingbending,a combination of different geometric imperfections and loads applied at small angles to the axial directionas analyzed to determine their in uence on the observed out-of-plane displacements. Geometric imperfections in the shape of the buckling modes were modeled in STAGS. Various combinations of imperfection amplitudes and load angles were considered. Although for some combinations it was only possible to partially reproduce the test results, 12 obtaining the right imperfection and load introduction angle seemed elusive. This dif culty suggests that the source of the prebuckling bending response was caused by some other effects.
Contact Between the Panel and Loading Platen
Hilburger 13 investigated the effects of nonuniform load introduction and boundary condition imperfections on the compression response of composite cylindrical shells with cutouts. He de ned the nonuniform load distribution as being other than a uniform axial displacement of the cylinder's loading surface and found two sources of nonuniform load introduction. One source was due to lack of planarity in the loading surfaces of the specimen and the loading platens. The other source was due to tilting of the loading platen with respect to the specimen before the loading began. Hilburger measured the top and bottom loading surface imperfections as well as the potting thickness. These imperfection data were tted to curves and input into STAGS models. Furthermore, the test frame loading platen was modeled as rigid at plates, and STAGS generalized contact analysis was used. (Generalized contact de nition means that contact points are calculated by STAGS rather than speci ed by the user.)
A similar modeling approach was used in the present study to identify the causes of the substantial out-of-planedeformations and nonlinear end shortening during the early stage of the test. The loading platen was modeled as a rigid at plate in the STAGS analyses. Because the loading surface imperfections were not measured before the test, they were not considered in this study. Instead, it was assumed that the rigid loading platen initially contacted at the tip of the blade stiffeners at a small tilt angle, as shown in Fig. 11 . The panel in Fig. 11 is shown sideways, with the bottom element representing the bottom support of the loading aparatus.
As the analysis progresses, STAGS uses generalized contact analyses to check for contact and to construct contact elementcoupling contact points with the contacted shell elements. In doing this, STAGS uses penalty functions to enforce displacement compatibility between each contacting point and each element with which it is in contact. STAGS utilizes analyst-supplied stiffness vs displacementinformationto compute the forcesthat may result from the small contact-surfacepenetration. A contact element is conceptually a nonlinear spring connecting the contact point to the surface of the contacted element. This nonlinear spring typically has low stiffness when the contact-surface penetration is small, but it gets progressively stiffer as penetration increases. 7 Generalized contact analyses were implemented for the nite elements that simulate the rigid platen and load introduction edge of the test specimen. The selection of proper stiffnesses of the contact elements for the present analyses is somewhat arbitrary. Therefore, several nonlinear analyses were performed to simulate the observed out-of-plane deformation response of the test specimen by changing both the tilt angles and the stiffnesses of the contact elements between the loading platen and load introduction edge. The combinations of the tilt angles and stiffnesses of the contact elements used for the analyses are summarized in Table 9 , and the corresponding load vs end-shortening results are shown in Fig. 12 . The results in Fig. 12 suggest that the computed end-shorteningresponses strongly depend on the user-supplied input data in Table 9 . Among the computed load vs end-shortening responses, the response of model 9 is quite similar to that of the test panel in Fig. 12 . The computed out-of-plane displacements of the skin and stiffeners of model 9 at the selected DCDTs locations are further indicated as shown in Figs. 13 and 14 , respectively. The response of model 9 in Fig. 13 shows a good correlation with those of the test panel skin in Fig. 8 during the early stages of the load history. However, model 9 exhibits a considerable nonlinear out-of-plane deformation of the skin when the compressive load is above 400,000 lbs. This was not present in the results for the response of the test panel in Fig. 8 . Generalized contact analyses revealed that the panel was locally buckled at about 80,000 lb. The global buckling occurred at load level 650,000 lb (load factor of 1.016), where signi cant nonlinear out-of-plane deformations were seen, as shown in Fig. 13 . This compares to a load factor of 1.23 from the nonlinear analysis without the contact analysis and 1.09 from the experiment (see Table 8 ). The computed load vs out-of-plane stiffener deformation at DCDT 11 has signi cant nonlinear behavior, as shown in Fig. 14. This signi cant nonlinear response was also observed from the measured response of the actual test panel, as shown in Fig. 9 . In general, the nite element model with the generalizedcontactanalysesimproved correlation between the measured and predicted out-of-planedeformation. However, the details of the displacements are considerably different.Some combinationof tilt anglesand contactstiffnessescan produce the observed pattern, but there may be some other causes that affect the out-of-plane displacements.
Conclusions
Computational cost considerations often dictate the use of simpli ed models in structural design optimization. The effect of such simpli cations was examined by analyzing test results and nite element simulations for a stiffened composite panel designed with a simple nite strip model.
Several structural analysis models were used to assess the adequacy of the design model and the correlation with experimental results. Shear deformation was the most important of the effects neglected by the simple model, accounting for about 11% difference in buckling load. The effect of simpli ed (simple support) boundary conditions was small. The addition of shear loads and initial imperfections to the design model improved the correlation of the results, even though including an imperfection that was biased in one direction apparently induced an increased sensitivity to imperfection in the other direction. Overall, the simpli ed model produced designs that failed within 10% of the design load in the experiments.
The most signi cant differencebetween the analyticalpredictions and the experimentalmeasurementswas the substantialout-of-plane prebuckling deformations. To explain these differences, imperfections, load eccentricities,and loading platen tilt angles were considered. Of these, the loading platen tilt produced patterns of deformation similar to the measured deformations but with more nonlinear characteristics.
